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Introduction 
The popularity of ethanol as a near-term alternative fuel over petroleum has rapidly 
expanded since 2000.  This emphasis on ethanol is due mainly to increased gasoline prices, the 
ban on methyl tert-butyl ether (MTBE) as an octane booster and fuel extender, and by the 2005 
Energy Policy Act which mandated 7.5 billion gallons of renewable fuel use by 2012.  Ethanol 
production in the United States has increased from 1.47 billion gallons per year (bgy) in 1999 to 
6.5 bgy in 2007, using more than 2.4 billion bushels of grain (Renewable Fuels Association 
2008).  Ethanol and other biofuels are considered a domestic source of energy that will play a 
substantial role in transportation fuels in the future (Tyson et al. 2004).   
Water plays an important role in the production of ethanol and is generally employed as 
either process water or non-process water.  Process water refers to water that mixes directly with 
ethanol, while non-process water is used in the cooking and cooling stages of production (Zeman 
2006).  Fresh water is used in the ethanol plant, the boiler, and the cooling tower (Swain 2006).  
The primary consumptive use of water during the ethanol production process is through 
evaporation that occurs during cooling and through wastewater discharge (Keeney and Muller 
2006).  Although most of today’s ethanol plants are designed to have zero wastewater from water 
used in the ethanol plant, wastewater is produced from water used in the boiler and cooling tower 
and must be treated according to local regulations (Burnes et al. 2004; Millison 2008).   
Access to an adequate supply of fresh water to satisfy the demands of residential, 
commercial, and agricultural uses is essential for life, economic growth, and sustainability.  
Hydrological models project that growing demands for freshwater will surmount the dwindling 
supply of available water (Falkenmark et al. 1998; Revenga et al. 2000; Vorosmarty et al. 2000).  
There is a broad acceptance that water-stressed areas (regions that have suffered prolonged water 
scarcity) have seen water play a definitive role in local, regional, and international disputes  
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(Amery 2002).  The U.S. General Accounting Office (2003) reported that under normal weather 
conditions, over the next 10 years, water managers in 36 states expect to see water shortages (US 
General Accounting Office 2003).  A U.S. Department of Energy report to Congress stresses that 
“available surface water supplies have not increased in 20 years, and groundwater tables and 
supplies are dropping at an alarming rate” (US Department of Energy 2006).  Technological 
solutions for these water supply shortfalls will be inadequate remedies in the sense that 
demandside policies will have to be engaged as well (Griffin 2006).   Among these policies are 
revised and strengthened bodies-of-water law, as well as evolving systems of water marketing 
and water pricing.  As a consequence, economically oriented studies of these issues and 
approaches have become important contributions.   
Estimates on water use from ethanol production range from 3 to 14 gallons of water per 
gallon of ethanol produced (Beck 2005; Clayworth 2007; Shapouri and Gallagher 2005).  The 
Minnesota Department of Natural Resources maintains records of ethanol plants’ use of water 
and reports that water usage is generally between 3.5 to 6.0 gallons of water per gallon of ethanol 
produced (Keeney and Muller 2006; TIAX LLC 2007).  Assuming the average ethanol 
production plant uses 4 gallons of water per gallon of ethanol produced, water use by ethanol 
production plants was estimated to be more than 25 billion gallons (approximately 79,600 acre-
feet) based on the estimated 2007 U.S. ethanol production capacity from the Renewable Fuels 
Association (2008).  For comparison purposes, the state of Colorado used approximately 75,000 
acre-feet for residential purposes in 2000 (Hutson et al. 2005).  With expanding ethanol capacities 
predicted to reach 17 bgy by 2014 (Bryant et al. 2006), water usage by ethanol plants could 
exceed 209,000 acre-feet annually.   
One option for decreasing the consumptive use of fresh water by ethanol plants is the use 
of recycled water; however, the quality of the recycled water is of concern.  The water used in the  
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cooling systems, recycled or otherwise, needs to be softened to reduce the presence of minerals, 
which will cause scaling in the boiler (Stanich 2007).   As with any growing industry, 
technologies are being developed that improve the water efficiency of ethanol production.  One 
example is that of membrane technologies, which allows for the use of their own recycled water, 
thus decreasing the plant’s need for fresh water supplies (Coltrain 2004; Whims 2002).  Estimates 
of improved water use efficiencies through utilization of vanguard technologies have put water 
usage at a reduced amount of 1.5 gallons of water per gallon of ethanol produced (Swain 2006).  
However, adoption of these technologies is often costly, thus in order for a plant to adopt such a 
technology there must be an economic incentive in place.   
Water usage for ethanol production can be considered in terms of the energy produced 
per gallon of water used.  A report by the U.S. Department of Energy explains that 62 gallons of 
water are used in the production of a million BTUs of ethanol (US Department of Energy 2006).  
This compares to an estimated 15 to 38 gallons of water per million BTUs used for oil shale 
processing (US Department of Energy 2006), while conventional gasoline and diesel use an 
estimated 45 and 80 gallons of water per million BTUs, respectively (Curtiss 2006).   
Feedstocks are considered to be the largest input cost for the ethanol plants, accounting 
for up to 70% of per gallon costs (Coltrain 2004; US Department of Agriculture 2006).  
Consequently, there is a tendency to locate ethanol plants near available corn.  As new ethanol 
plants go into production, their water demands will compound the water demands of corn growers 
and other agriculture users in each region.  Barbier (2004) found that water scarcity issues are 
likely to impact the agricultural sector with more immediacy than other water-demanding sectors.  
Berndes (2002) suggested that biofuel production, such as ethanol, will directly compete with 
agricultural uses for available water.  Tiffany and Eidman (2003)found that ethanol plants located 
where water availability is limited are particularly vulnerable to economic failure.    
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The demands a potential ethanol plant will have on local water supplies has not gone 
without notice.  A proposed ethanol plant near Tampa Bay, Florida faced strong opposition from 
the city of Tampa due to the plant’s requested use of 800,000 gallons of water each day at full 
capacity (Zink 2007).  Other new plant proposals are facing similar challenges.  A proposed plant 
near Champaign, IL has been asked to study their potential impact on the Mahomet aquifer before 
proceeding with construction (Paul 2006).   
Texas was estimated to have an unmet annual need for 2.4 million acre-feet of water for 
all demand sectors in 2000 and that unmet need is expected to increase to 7.6 million acre feet by 
2050 (Texas Water Development Board 2002).  The High Plains region of Texas has had many 
water shortage issues, resulting in adaptations to counteract the problem.  Historically, corn was 
grown in this region, but as a response to water quantity shortages, the region changed toward the 
production of less water intensive crops, like cotton.  However, now that corn prices have risen, 
crop land is being converted from cotton to corn and is expected to continue being converted in 
upcoming years and thus the demands for agricultural water will likely increase (NASS 2007).   
The impact an ethanol plant will have on water supplies is dependent upon the properties 
of the local fresh water supplies (Keeney and Muller 2006).  Water users in the Texas High Plains 
region pump water out of the Ogallala aquifer (also known as the High Plains aquifer).  The 
Ogallala aquifer is one of the world’s largest aquifers, lying under eight different states in the 
High Plains region of the U.S. and provides water for an estimated 20% of U.S. irrigated land 
(Rosenberg et al. 1999) and drinking water for an estimated 2.3 million people (Dennehy, Litke 
and McMahon 2002).  Unsustainable withdrawals from the Ogallala aquifer have been a public 
concern since the 1970s (Peterson, Marsh and Williams 2003; Warren et al. 1982).  Although the 
recharge rates of the aquifer vary by location, it is estimated that groundwater withdrawals from 
the northern Texas portion of the High Plains aquifer exceed recharge rates by 22% in normal  
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years and up to 161% in dry years (Anderson and Snyder 1997; Rosenberg et al. 1999).  In some 
areas, water levels in the Ogallala aquifer have declined more than 100 feet (Bartolino and 
Cunningham 2003).  In 2000, agricultural irrigation was estimated to be responsible for 96% of 
water withdrawn from the limited recharge Ogallala aquifer (Patzek et al. 2005; Rosenberg et al. 
1999).  The expansion of biofuels and ethanol production in this region will add pressure to water 
sources that are already strained.  Currently two 100 million gallon per year (mgy) ethanol plants 
are nearing completion of their construction phase in Hereford, Texas which sits directly above 
the Ogallala aquifer.   
Economic theory states that water should be priced using a metric that signals its relative 
level of scarcity, if economic efficiency is to be achieved (Griffin 2006).  Given that water 
withdrawals from the High Plains aquifer exceed sustainable levels, we know that the relative 
cost of water is not reflecting the resource’s true marginal value.  Research has shown that pricing 
structures improve water conservation in both residential and agricultural settings, but are likely 
to induce substitution from surface water supplies to groundwater sources (Corral and Fisher 
1999; Huffaker and Whittlesey 2003; Moore, Gollehon and Carey 1994; Schuck and Green 
2001).  As demands on the Ogallala aquifer continue to grow, it is inevitable that water pricing 
will begin to play a role in the ability for industrial, agricultural, and municipal users to obtain 
their water supplies, further justifying the need for an analysis on how this will impact the 
economic performance of planned ethanol plants in the region. 
With the passage of the Energy Policy Act, the rapidly expanding number of ethanol 
plants, and the fury with which ethanol is being promoted, it is clear that ethanol will play a rising 
role in our domestic energy supply.  Ethanol’s extensive use of water will impact our ground and 
surface water supplies.  The unknowns come from determining the extent to which water supplies 
will be impacted, the role water plays in the profitability of these ethanol plants, the impact on  
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lesser valued users, and the role technological advancements will have on water usage by ethanol 
plants.  
Objectives 
The primary objective of this research is to analyze the impacts of the expanding biofuels 
sector on water demand and supply in a selected water stressed region of the United States.  The 
analysis will focus on determining the quantity of water necessary to support a successful ethanol 
plant in the Texas High Plains.   
Many of the current ethanol plants are meeting their water demands via groundwater 
sources, indicating that their water costs are only the costs of pumping water.  However, if plants 
were forced to account for the value of groundwater to competing uses, we expect ethanol plants 
to become more economically suspect. A report by the Institute for Agriculture and Trade Policy 
sites recommendations for combating the increasing demands placed on water supplies by ethanol 
plants (Keeney and Muller 2006).  One of those recommendations is to place a greater economic 
value on water supplies.  This research will provide essential information as to how increasing 
water costs will impact the economic viability of ethanol producers.  To meet this modeling 
challenge, it is helpful to assemble the best available information pertaining to technology options 
and the associated value of water.  This analysis will provide sensitivity results, indicating how 
responsive ethanol producers’ economic viability is to water costs (including the estimation of 
sensitivity elasticities).  Additionally, this approach will be useful to determine at what point 
backstop technologies for use of recycled water may be an efficient alternative for the plant to 
adopt. 
Methods 
Mathematical programming models have been used to determine the economic impacts  
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and feasibility of ethanol production (Braden, Leiner and Wilhour 1984; Kaylen et al. 2000; Meo 
1984; Tembo, Epplin and Huhnke 2003; Thomassin and Baker 2000).  These linear programming 
models assume fixed variables and optimize a given objective function by changing control 
variables.  The aforementioned research studies have focused on the economic impacts of ethanol 
rather than combining the economic and environmental impacts.   
Creating a model that forecasts the potential environmental impacts of a proposed 
operation is plagued with uncertainty.  Ignoring this risk and uncertainty leads to a unique point 
estimate that is unlikely to be accurate.  Dynamic programming, portfolio analysis, scenario 
analysis, and stochastic simulation are all methods that can be undertaken to incorporate these 
unknowns.  Richardson and Mapp (1976) gave the first formal presentation that introduced risk 
into business investment decisions using stochastic simulation to generate probabilistic cash 
flows.   One of the primary benefits to using a simulation approach is that the modeler can 
provide the decision maker with more information than deterministic results allow (Pouliquen 
1970; Richardson and Mapp 1976).   Stochastic simulation is the preferred method of modeling 
multiple sources of risk and uncertainty and allows for the evaluation of risk from stochastic 
environmental variables, input variables, technological variables, and alternative scenario options.  
Incorporation of probability distributions on each uncertain variable allows the researcher to 
obtain confidence and/or prediction intervals for the key output variables and thus a robust set of 
results can be obtained (Rossi, Borth and Tollefson 1993). 
The Latin Hypercube stochastic simulation model that will be created for this project will 
follow the style of ethanol plant simulation models done by Gill (2003), Herbst et al. (2003), Lau 
(2004), and Richardson et al. (2007), and will be completed using the excel add-in, Simetar 
(Richardson, Schumann and Feldman 2006).  The unique element of this model is that it will 
incorporate probability distributions on the quantity of water required at each particular phase of  
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the ethanol production process.  To capture the risk and uncertainty involved in the hydrological 
and economic (i.e. corn, ethanol, and natural gas prices) components of the ethanol model we will 
utilize stochastic variables.  In addition to the standard key output variables (KOVs) for a 
business model (e.g. net present value), this model will include total water usage by the plant as a 
KOV.  Simulation of the stochastic variables under alternative scenarios (including alternative 
prices for water costs) will allow for robust evaluation of the impacts of water availability on an 
ethanol plant’s economic performance and the impact of a successful ethanol plant on available 
local fresh water.     
The ethanol plant being modeled is intended to be a generic replication of the two ethanol 
plants in Hereford, Texas, which is located in Deaf Smith County.  The modeled corn-to-ethanol 
plant will be built to a capacity of 115 million gallons per year.  The plant will be assumed to 
begin production in the year 2008 with 70% of production in the first year following the 
assumptions outlined in Beck (2004).  Production in the next 9 years is a stochastic function of 
total annual operating days.  The data required to complete this model was broken down into two 
main categories—ethanol business model and water input requirements.   
This research utilized prior research studies that have created ethanol business models to 
develop initial assumptions.  Stochastic variables in this ethanol feasibility model include prices 
for corn, ethanol, dried distiller’s grains (ddgs), gasoline, natural gas, and electricity, in addition 
to price wedges, all of which were assumed to follow an empirical distribution.  As a measure of 
robustness, a switch in the model was incorporated to go from using empirically distributed 
forecasts for corn prices to using stochastic forecasts obtained from the Food and Agricultural 
Policy Research Institute’s (FAPRI) January 2007 baseline.  Historical prices for each of those 
variables were used to develop the empirical distributions, having been attained from sources 
including Hart’s Oxy Fuel News, the National Agricultural Statistics Service (NASS), and the  
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Energy Information Agency (EIA).  Trend forecasts were used as deterministic point forecasts for 
ethanol, ddgs, electricity, and natural gas prices.  Deterministic prices from FAPRI’s January 
2007 baseline were used for corn prices.  
 The more challenging aspect of data collection and stochastic modeling came into play 
on the water input side.  Estimates of water usage as a function of ethanol production were 
obtained from the relevant literature including the Committee on Water Implications of Biofuels 
Production in the United States (2007), Phillips et al. (2007) Coltrain (2004), Whims (2004), 
Beck (2005), and Tiffany and Eidman (2003).  These estimates were compared to Minnesota’s 
Division of Natural Resources (2006) historical average water use efficiencies for Minnesota 
ethanol plants to ensure reasonable estimates were being used.  Additionally, we incorporated the 
costs associated with both water usage and water disposal.  Ideally these costs would be obtained 
from local ethanol producers, however since the proposed plant is the first in the area, it renders 
that idea impossible.  As a substitute, we looked to the aforementioned research articles for 
estimates of water and wastewater treatment costs to develop our estimates.   
In prior ethanol feasibility models, water usage and water related costs were assumed to 
be a deterministic component of the model, while this model will make them stochastic by 
assigning a piecewise normal distribution known as the GRKS distribution (Richardson 2006).  
The GRKS distribution was selected on account of its usefulness in situations where there is little 
historical data.  As input, the distribution uses a minimum, a mid point, and a maximum value 
and then assigns a piecewise normal distribution such that 50% of the density is below the mid 
point and 50% is above the mid point (Richardson 2006).  An additional benefit of using the 
GRKS distribution is that it assigns 2% of the weight to below the minimum point and above the 
maximum point (Richardson 2006).  Applying a GRKS distribution to water use at each phase of 
the ethanol production process thus involved using reasonable ranges of water use pulled from the  
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aforementioned literature and technical reports as input parameters to the GRKS distribution. 
This model separated fresh water costs and water treatment costs out of variable costs.  
Treatment costs for the effluent waste were also assumed to follow a GRKS distribution, while 
fresh water costs per gallon of water used were modeled using scenario analysis.  The base 
scenario incorporated a minimal cost associated with obtaining water (be it purchased from a 
municipal source or pumped from a well) of $1 per acre foot. 
 
Results 
The model was simulated for 500 iterations using FAPRI’s baseline stochastic corn 
forecasts.  In expected value the mean net present value (NPV) for the base scenario is just over 
$85 million; however, the simulated results present far more information indicating that NPV can 
range from a loss of $130 million to a positive NPV of $275 million over the 10 year period.  
Despite this large range of simulated NPV values, the ethanol plant performs relatively well, 
having a 87% chance of economic success after 10 years.  Figure 1 depicts the cumulative density 
function (CDF) for NPV under this base scenario of no additional fresh water costs.  This base 
scenario will serve as a foundation for comparison as we look at the long-term effect additional 




Figure 1: Cumulative Density Function of NPV under the Base Scenario 
 
  The first set of results involving water use is simply the quantity of water utilized by the 
plant throughout the analyzed time frame.  This plant is predicted to use between 3.5 and 7.26 
billion gallons (10,855 to 22,280 acre-feet) of water over the 10 year period, averaging around 
1680 acre-feet annually.  To put the annual water quantity into perspective, it is roughly 
equivalent to 50% of the municipal water demand for Deaf Smith County in 2000 (Texas Water 
Development Board 2006).  Having used stochastic distributions of water use at alternative stages 
of ethanol production, the average total water used per gallon of ethanol produced ranged from 4 




Figure 2: Probability Density Function for the Average Gallons of Water Used per Gallon 
of Ethanol Produced 
 
  Arguably the more interesting aspect of this analysis comes into play as the cost of fresh 
water to the ethanol plant is increased.  Using Simetar’s scenario analysis capabilities, the same 
model was simulated using four different values for the per acre foot cost of fresh water using a 
uniform pricing rate structure (Griffin 2006).  The water rates were selected somewhat arbitrarily 
and were selected as a means by which to measure the plant’s sensitivity to alternative rates, not 
because they were considered feasible water prices for Deaf Smith County.   In addition to the 
base scenario of $1 per acre foot of water, the rates that were analyzed were $100, $5,000, and 
$10,000 per acre foot of fresh water used.  The resulting cumulative density functions show the 
effect alternative fresh water costs have on shifting the distribution of NPV, shown in Figure 3 
below.   As fresh water costs are initiated for the plant, corresponding to a movement from 
scenario 1 (the base scenario of $1/acre foot) to scenario 2 (water costs of $100/ acre foot), there 
is a very minimal impact on the ethanol plant’s economic viability.  In fact, not until water prices 
reach $10,000 per acre foot do we begin to see a significant change in the plant’s probability of 
success, moving from an 87% chance of economic success in scenario 1 to a 65% chance of  
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economic success.   
 
 
Figure 3: Cumulative Density Function for NPV Under Four Alternative Scenarios for 
Fresh Water Costs 
 
  Further scenario analysis develops the relationship between incremental increases in fresh 
water costs per gallon (rather than per acre foot) and the probability of economic success.  Figure 
4 illustrates the average probability of economic success along with a measure of the variability 
around the mean probabilities in the form of the standard deviation associated with the average 
estimate.   The relationship between probability of economic success and fresh water costs is 
nearly a linear inverse relationship and is developed over the range of water costs of less than 
$.01 to $.09 per gallon.  It should be emphasized that a water price of $0.09 per gallon 
corresponds to an acre foot of water being valued at nearly $30,000.  Use of scenario values as 
large as these, should be seen as an exercise in developing a full relationship between the 




Figure 4: Probability of Economic Success as a Function of Fresh Water Costs 
 
  Building upon the scenario analysis discussed above, we can estimate the sensitivity of 
NPV with respect to both fresh water costs and effluent treatment costs via elasticities.  Using the 
$.01 per gallon cost for fresh water as a starting point, we found elasticity estimates that ranged 
from -.06 to -6.04, with a mean elasticity of -0.34.  These estimates indicate that a one percent 
change in fresh water costs can induce anywhere from a 0.06% to 6.04% change on NPV in the 
opposite direction.   The costs to treat the plant’s effluent were modeled as a stochastic (GRKS 
distribution) cost as a function of stochastic effluent quantities (based on stochastic ethanol 
products).  Therefore elasticity estimates of NPV with respect to sewage treatment costs were 
expected to have more variability than the elasticity estimates associated with fresh water costs, 
as Figure 5 depicts.  The elasticity estimates for effluent treatment costs ranged from -0.08% to    
-8.38%.  The mean estimate of -0.48% indicates that, on average, a one percent increase in 
treatment costs resulted in a decline of NPV by .48% (which corresponds to approximately  
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$540,000).   
 
    
Figure 5: Probability Density Function of Elasticity Estimates for NPV With Respect To 





This model has shown the role in which water plays on the economic success of a corn-
to-ethanol plant.  The resulting analysis shows that for an ethanol plant with a high probability of 
initial success, their long-term outcome will not be strongly influenced by the cost of water until 
that water price is extremely high.  Ethanol plants in this water stressed region could pay a 
significant amount of money for their water supplies.  The other major outcome of this research is 
the estimation of sensitivity elasticities associated with changes in water related costs.  This is the 
first of its kind and should provide a more complete picture as to the effect of water on the long-
term financial viability of a biofuel plant. 
  The Ogallala aquifer has long struggled with being able to maintain a balance between 
groundwater withdrawals and annual recharge rates (a “safe yield”) (Sophocleous 2000).  An  
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ethanol plant of this magnitude will certainly not aid in achieving this hydrological balance 
(Sophocleous 2000).  The quantity of water used by a 100 million gallon per year ethanol plant is 
not insignificant and may have some local consequences.  The extent to which those 
consequences will occur will be a function of the availability of water and the attempts at 
conservation through both regulation and pricing structures.  With multiple plants in this one area, 
the effect will be magnified.  However on a county or regional scale, the quantity of water being 
consumptively used by the ethanol plant is relatively minimal.  The quantity of water being used 
by these ethanol plants should be kept in perspective relative to water use by changes in cropping 
patterns.  Additionally even if the county was to use a pricing scheme to encourage conservation 
of water resources, the price of water would have to reach $0.03 per gallon of water before the 
probability of economic success drops below 50%.   
  Future research will expand the model to incorporate specific hydrological aspects 
associated with the Ogallala aquifer and attempt to quantify the impact on the Texas High Plains 
region.  The expanded model will consider water availability issues such as seasonality, increased 
municipal demands on local water resources, and long-term availability issues through 
incorporation of a probability of a drought at a severity level high enough to affect ethanol 
production.  In addition, it would be useful to incorporate a demand function for water by the 
plant.  In the current analysis, the ethanol plant’s use of water is not a function of the price of 
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